Abstract: Variation in the shell colour and banding polymorphism in the land snail Cepaea nemoralis was studied in 260 populations in the region of Gdańsk, northern Poland. Unlike in other regions of Poland, many populations contain brown shells. Populations from shaded habitats have higher frequencies of brown than those from open and intermediate habitats, largely at the expense of yellow shells. Nearly all brown shells are also unbanded. Apart from this disequilibrium, banding morphs among yellow and pink shells show no relationship to habitat. There are no broad geographical trends in morph-frequencies, but there are very strong correlations among populations very close together, revealed both by pairwise analysis and Moran's I. Principal Component Analyses show that these correlations relate to overall genetic similarity at the loci involved. The populations are at the north-eastern limits of the species' range; habitats are mostly anthropogenic, and comparisons with studies in two urban areas (Wroc law, SW Poland, and Sheffield, central England) suggest that the patterns of variation seen are a product of human transport of propagules followed by local dispersal. The effect of habitat here is much less marked than in regions much further west, but it indicates that natural selection has occurred.
Introduction
The striking shell polymorphism of the European land snail Cepaea nemoralis (L., 1758) has been a subject of study for well over a century. A bewildering variety of patterns of variation have been discovered (Jones et al. 1977; Cook 1998) , involving, in varying proportions, forms of natural selection, founder effects, genetic drift and gene flow. Patterns vary with locality, and although there are some trends visible across the whole geographical range (from Scotland and S Sweden in the north to central Spain and N Italy in the south, and from Ireland and Portugal in the west to Hungary, the Baltic Republics and E Poland to the east) (Jones et al. 1977; Silvertown et al. 2011) , there are many deviations from these very broad trends, and some very local patterns, often reversing those seen elsewhere.
While sometimes recorded from forests, and especially from their fringes, C. nemoralis also flourishes in more open, usually anthropogenic habitats: hedges, roadside verges, various grasslands, gardens, parks and orchards. It has been accidentally or deliberately transported to such environments outside its natural range, including several locations in N America. Within its natural range, it has colonised previously inhospitable areas in towns and cities where pollution has declined, and waste ground or gardens are plentiful (Cameron et al. 2009 ). Within Poland, nearly all populations of the species are in highly modified habitats. In the southeast of the country, these populations are certainly introduced (Ożgo 2005) . Elsewhere in the country it seems likely that the same is true; in Silesia the species seems to be confined to cities or the immediate vicinity of roads and villages, while Cepaea hortensis (Müller, 1774) occupies more natural habitats (Cameron et al. 2009; Pokryszko et al., unpublished data) . Despite the obvious opportunities for founder effects and drift to influence morph frequency variation, Ożgo (2005) , Ożgo & Kinnison (2008) and Ożgo (2011) have shown that natural selection related to the shadiness of the habitat can work powerfully over relatively short periods of time, although there are strong indications that neighbouring populations retain similar morph frequencies by common descent (Cameron et al. 2009 ). This supports the finding of Ożgo (2011) that selective responses to habitat vary with locality and the initial genetic composition of the source population.
Preliminary investigations of C. nemoralis populations near Gdańsk revealed some with high frequencies of brown shells. While brown shells (and especially the dark brown, generally unbanded ones) are a feature of northern populations, they are virtually absent from the western part of Pomerania at the same latitudes, as they are in more southerly parts of Poland (Megalab database; Ożgo unpublished). These populations are among the most north-easterly known, at least among those occurring frequently (there are scattered populations, certainly introduced, in S Sweden and the Baltic republics). Hence, we surveyed C. nemoralis populations around the city and its hinterland to determine patterns of variation, and their possible causes at the edge of the range within which the species is abundant, and, if introduced, of long standing.
Area and habitats sampled Figure 1 shows the study area and the positions of samples within it. The area reaches approximately 120 km west to east and north to south. While sampling was opportunistic, samples are spread over the area, with some clusters. Only localities where the species was present at high densities were sampled.
Sites were classified as follows: open habitats had only grasses and herbs; intermediate habitats included hedges and areas with scattered trees or bushes; in shaded ones trees or bushes were dense enough to give shade throughout the day. The open sites were mostly road verges and derelict sites; shaded sites ranged from fairly natural woods, through old tree stands in parks or cemeteries to areas relatively recently grown with trees and bushes. Those recent tree stands constituted the majority of shaded sites in the area. We categorized the habitats on the basis of their present condition, but it was apparent that most were unstable and short-lived.
Material and methods
At each site, adult C. nemoralis were collected from an area of no more than 400 m 2 , or of up to 30 m long in linear habitats such as roadsides, within a single habitat category. Both live and fresh empty shells were considered. The shells were scored for colour (yellow, pink or brown) and for the presence or absence of bands. For yellow and pink shells those with bands were allocated to midbanded (00300), to trifasciate (00345) or to many-banded, where more than three bands were present (Jones et al. 1977) . Brown banded shells, which were rare (1.1% of all shells), are hard to score for number of bands, which are often very faint. Midbanded and trifasciate frequencies are expressed as a proportion of the relevant banding categories in yellow and pink shells only. Sites were marked on topographical maps or town plans, and locations later defined in decimal degrees. Appendix 1 gives the geographical coordinates of each.
In all analyses we have used morph frequencies, not estimated allele frequencies. For midbanded the frequencies are those within the banded shells; for trifasciate they are those within shells with more than one band, reflecting the dominance hierarchy at these loci (Jones et al. 1977) . Unbanded shells are much more frequent among brown shells than others, and this may be an epistatic effect (Cook 1998 ). Hence we have also used the frequency of unbanded among yellow and pink shells only in some analyses. Where regression or least squares correlation has been used all these frequencies have been arcsine transformed. Besides such tests of association of morphs with each other and with position and habitat, we have examined the linkage disequilibrium between shell colour and banding, taking simply the proportion of unbanded shells within each colour class. (Nei 1972 ) using the frequencies of yellow, brown, unbanded and midbanded in banded for clustering, and for Mantel tests of association with distance. Spatial pattern has also been examined using Moran's I for each morph. Overall pattern has been analysed by Principal Components Analysis (PCA) using the same four frequencies to assess autocorrelation among populations on the basis of overall genetic similarity; Moran's I was calculated for sites' scores on the first two PCA axes. Variation within and among populations has been estimated via the Simpson index of diversity (Southwood & Henderson 2000) , by the proportions of samples with different numbers of morphs present, and by estimating FST based on morph frequencies (Cameron et al. 2009 ). We estimated means and standard deviations of these FST values using a bootstrapping procedure with 1000 permutations. The software used for the analyses comprised: SAM (Rangel et al. 2006 
Results

Morph frequencies and habitat
We made 260 samples with a mean number of 116.7 shells per sample (SE. ± 2.2). Details of location, habitat and composition are given in Appendix 1 and the distribution of sites is shown in Fig. 1 . Table 1 shows the mean frequencies and ranges for each major colour or banding morph in the whole array, the number of samples lacking the morph, and the mean frequencies for each habitat class considered separately. While the mean frequencies of morphs differ, frequencies of each at individual sites span all or nearly all the range from 0 to 100%. Very few samples lack yellow, pink or midbanded shells, but 40% lack trifasciate (00345) shells, 13% lack brown shells and 7% lack unbanded shells. Differences in means between open and intermediate habitats are very slight and in no case do they differ significantly. Shaded habitats, however, have a lower mean frequency of yellow and higher frequencies of brown and unbanded than in the other two habitats. In all these cases the differences between shaded habitats and each of the others are significant (P < 0.01, t-tests, arcsine transformed). Unbanded has a much higher mean frequency in brown shells (90.6%) overall than in yellow (6.1%) or pink (29.3%) shells (see below). The frequency of unbanded in yellow and pink shells only shows no relationship to habitat. Only one shaded site lacks brown (1.6%), while 34 open and intermediate sites do so (17.1%). Other morphs show no significant differences among habitats, nor does the category "effectively unbanded" (unbanded, midbanded and trifasciate combined) as used by Cain & Sheppard (1954) . The difference between shaded and other habitats also shows up in the PCA analysis (Appendix 2), where shaded habitats differ from both the others on Axis 1 (P < 0.001, t-test).
To check that these differences are not a product of different geographical distributions of samples from different habitats, 59 nearest neighbour pairs of open/intermediate and shaded samples were analysed (Table 2 ). While the same trends persist, they are weaker than in the overall comparison. In particular, variation in yellow fails to achieve significance in either of the tests used. This suggests that the effects of habitat and location are partly confounded in the overall analysis.
Morph frequencies and location
With one exception, no morph shows any correlation with either latitude or longitude. Yellow shows a barely significant decline eastwards (P < 0.05, t-test, arcsine transformed), which explains only 3.8% of variance; given the number of tests, this result could be accidental. Despite this lack of large scale pattern, there is evidence of smaller-scale geographical patterning. Among the habitat pairs, there are some strong within-pair correlations (Table 3) , and these are stronger among pairs with the shortest distances between members. This small-scale pattern is also shown by Moran's I using all samples (Table 4) ; only over short distances (< 1.5 km) does this indicate strong associations, and in both analyses midbanded shows less structure than the colour morphs or unbanded. Trifasciate similarly shows little sign of geographical structure on either large or small scales (data not shown).
Mantel tests using estimates of Nei's I among all possible pairs show a significant but very weak decay of genetic similarity with distance (R = -0.072, P = 0.002). Neither these similarities (data not shown), nor the positions of samples on the first axis of the PCA (Appendix 2 and Table 4, Moran's I) show any geographical pattern other than at a very small scale. The second PCA axis shows stronger spatial structure (Table 4), but even here significant positive correlations disappear after ca. 20 km apart, and the lack of significant relationships with latitude or longitude suggests that there are clusters of similar sites separated by distances at least as great as this, as suggested by the pattern in Fig. 2 . Associations, disequilibria and variability Only two associations between morphs across samples are significant: brown and unbanded (R = +0.677, P < 0.001), and, negatively, between yellow and unbanded (R = -0.268, P < 0.05). Both these trends are a product of the strong linkage disequilibrium between colour and banding (Table 5) . Unbanded is almost always at a higher frequency in brown than in the other colours; in a majority of samples all brown shells are unbanded.
It is also at a higher frequency in pink than in yellow in the great majority of cases. Within the yellow and pink classes, there are no significant overall associations of midbanded and trifasciate with colour (data not shown). The overall variation between samples for each morph except trifasciate, estimated by F ST calculated on morph frequencies following Cameron et al. (2009) , is shown in Table 6 , together with the standard deviations of each. All have similar values in the range 0.16-0.19. Estimates for shaded and for open and intermediate habitats considered separately give very similar values (data not shown); habitat contributes very little to the overall variation. Table 7 shows the results of three methods of estimating the amount of within population variation: the number and proportion of samples monomorphic at the various loci, the number of morphs present in each, and the Simpson Index of Diversity (1 -D) (Cameron et al. 2009 ). These are compared with other results below.
Discussion
Comparison of the many regional surveys of polymorphism in C. nemoralis shows a very wide range in the patterns of variation revealed (see review in Cook 1998). In some, variation with habitat is strong and affects more than one locus (Cain & Sheppard 1954; Cameron & Pannett 1985; Ożgo 2011) ; in others, the relationship is weak or absent (Cain & Currey 1963 . Although not examined in all these studies, microgeographical variation (populations close to one another tending to have similar morph-frequencies at some or all loci) appears to be pervasive, reflecting Table 7 . Estimates of polymorphism. A -the number and percentage of samples containing given numbers of morphs; here, the morphs recognised are unbanded, midbanded, trifasciate and fivebanded within pink and yellow shells, and unbanded or banded within brown shells (see methods). B -the number and percentage of samples monomorphic at the given loci. C -the mean Simpson Index of Diversity (as D -1), here taking eight morphs (unbanded, midbanded and many banded in both yellow and pink, unbanded and banded in brown). For eight morphs, the maximum value the Index can take is 0.875. & Pannett 1985; Cook 1998; Ożgo 2011) . This is not a product of large scale geographical variation; we can note the wide range of frequencies recorded at all loci in this study, covering only a tiny part of the known geographical range. The balance between these elements appears to relate to landscape history and the stability of habitats occupied by the snail (Cameron & Dillon 1984) . In the region around Gdańsk, there is an effect of habitat. It is, however, weak compared to that seen, for example, in the English Midlands (Cain & Sheppard 1954; Currey et al. 1964; Cameron & Pannett 1985) . Fig. 3 demonstrates the difference between the two regions in the distribution of frequencies of yellow between habitats overall. In general, variation in yellow between habitats is the most consistent over the species' range (Cook 2008) . This effect of habitat is seen here only in variation in the relative proportions of yellow and brown shells (pink being unaffected) and, allowing for the very strong association of brown with unbanded shells, it appears not to apply to other variation in the number or presence of bands.
Cameron
By contrast, there is a strong microgeographical pattern; samples close to one another are more similar than those further apart. This is a purely local effect, as there are no larger scale relationships with geographical position that might result from climatic gradients. Paired samples show that this relationship decays rapidly with distance and is weakest in midbanded and trifasciate, while the Moran's I analyses confirm the small scale of spatial effects. There are no blocks of the region in which a set of samples with very similar morph frequencies can be found, corresponding to the "Area Effects" of Cain & Currey (1963) .
While we have no direct evidence about the length of time the region has been occupied by C. nemoralis, we do have evidence that it has expanded its range and abundance in the 20 th century. Schumann (1881) searched for snails in the environs of Gdańsk, west of the Vistula River. Cepaea hortensis was frequent everywhere, but he found C. nemoralis only in isolated sites in Gdańsk, in Gdańsk-Oliwa, Gdańsk-Westerplatte and Sopot. The species was frequent in those places, but Schuman states clearly that he did not find it in other places. Protz (1897) recorded species found during an excursion in the districts ofŚwiecie, Tuchola, Chojnice and Starogard, an area somewhat to the south of our study (Starogard is included in both). In all, he records over 80 species of snails found, some of them with a note "common" or "frequent". Cepaea nemoralis was recorded in only two out of many locations. Today C. nemoralis is widespread, but C. hortensis is uncommon. The region today is at the north-eastern extremity of the range within which C. nemoralis occurs in large numbers and it is probable that most populations in their present locations originate from accidental human introductions, many of them in recent times. They are certainly in anthropogenic habitats subject to change, with implications for the balance between selection, drift and founder effects.
We can examine this by comparing the variation seen here with that recorded by Cameron et al. (2009) in two cities with different patterns of colonisation and population connectivity (Table 8 , Fig. 4) . Values of F ST , and of all three measures of within population variation are intermediate between those in Wroc law, with dense and frequently connected populations, probably established for at least 60 years, and those in Sheffield, scattered, isolated and of very recent origin (within the last 20-30 years). The area involved in this study is much larger than that in either city. This might explain some, but not all of the differences with Wroc law, but fails to do so in the case of Sheffield, where populations vary much more and contain fewer morphs. Values of F ST in this study are also lower than those seen in classic Area Effects, where many populations may originate from a single refugial source (Cameron & Dillon 1984; Cameron et al. 2009 ). As in these cities, a model of human transport, over varying distances, followed by very local dispersal and migration seems the most parsimonious explanation for the geographical patterns. This follows, at a very small scale, the model of leptokurtic dispersal of propagules in northern Europe during the Holocene proposed by Ibrahim et al. (1996) . Evidently, connectivity has been greater than in Sheffield suggesting a longer period of occupancy. As Ożgo (2011) points out, hermaphroditism, obligatory outcrossing, multiple matings and sperm storage serve to reduce the tendency of founder effects to remove genetic variation, while retaining significant effects on morph frequencies. In this study variation with habitat is limited. While the combination of habitat and position effects is not unknown elsewhere (Cameron & Pannett 1985) , the modest level of habitat effects relative to location has not been reported previously. Ożgo (2011) has shown that when pairs separated from each other by great distances are considered, geographical variation masks overall habitat effects even when these are manifest on a pair-by-pair comparison. Contrary to some earlier analyses, Ożgo (2011) has also shown that marked frequency differences between habitats may develop over very short periods (a few generations of two to three years only). Her study included samples within the region considered here. This might suggest very recent colonisation or spread in the Gdańsk region, a possibility enhanced by the historical evidence above. Our study did not record the proportion of shells with fused bands, an important component of difference in many of her pairs, so we may have underestimated the speed at which adaptive change is occurring.
In this context, the brown shell morph is of particular interest. While the overall incidence of brown is similar to that recorded in other surveys at the same latitudes much further west, it differs markedly from the adjacent area of Pomerania immediately to the west (Megalab database; Ożgo unpublished), in which brown shells are extremely infrequent (present in only three out of 50 samples). They are also very rare elsewhere in Poland occurring in only 17 out of 200 samples in the Megalab database. We note that brown shells are frequent in the Netherlands and that Dutch engineers were used for land drainage and reclamation along the lower Vistula River and its tributaries and especially in the Vistula Delta in the 16 th and 17 th centuries. There was a strong religious component to this migration. Mennonites were persecuted in the Netherlands and free in Poland, and were encouraged to settle because of their engineering abilities which allowed them to prosper in areas considered agriculturally unusable. Whole families with all their possessions migrated, which increased the likelihood of transporting snails. While brown shells are clearly favoured in shaded habitats, their very presence in the region may result from human transport. In addition to data presented here, we note that populations of C. nemoralis in the Czech Republic are certainly introduced, are spreading (Honěk 1995; Dvořák & Honěk 2004) , and have anomalously low frequencies of yellow shells when compared with populations at the same latitudes further west or with Hungarian populations to the east (Megalab database). Founding populations and their genetic co-adaptations may have a profound effect on the composition of descendent populations even in the face of selection.
This study thus reinforces an emerging view that even when dealing with a few loci in a single species, the causes of patterns of variation, or the balance of importance of each, varies with region, and is associated with patterns of colonisation and with the details of land use and habitat stability in each. Further, the same se-lective forces operating on populations differing greatly in genetic structure may promote responses involving different loci having similar phenotypic effects (Ożgo 2011) . The search for range-wide trends and general rules, while useful, needs to be moderated by understanding regional peculiarities. A simple one effect, one cause hypothesis is unlikely to explain variation across the whole range of any species. 
